Angiotensin II (Ang II) type 1 receptor blocking drugs have been shown to inhibit the growth of prostate cancer cells and delay the development of prostate cancer. Functional Ang II type 2 receptors (AT2R) are present in these cells and inhibit growth induced by epidermal growth factor. The present studies report apoptosis of prostate cancer cells induced by AT2R overexpression. A recombinant adenoviral vector expressing AT2R (Ad-G-AT2R-EGFP) was transduced into prostate cancer cells, including androgen-independent (DU145 and PC3) and androgen-dependent cell lines (LNCaP). Following AT2R transduction, apoptosis was analyzed by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining and caspase-3 activity assays. The results indicate that increased expression of AT2R alone induced apoptosis in the prostate cancer lines, an effect that did not require Ang II. AT2R overexpression in DU145 cells induced inhibition of proliferation, a significant reduction of S-phase cells, and an enrichment of G 1 -phase cells. The data also indicate that overexpression of AT2R led to apoptosis via an extrinsic cell death signaling pathway that is dependent on activation of p38 mitogen-activated protein kinase, caspase-8, and caspase-3. Finally, the apoptosis induced by AT2R over-
Introduction
Prostate cancer is the most common cancer and the second leading cause of cancer-related deaths in men in the United States (1, 2) . Chemotherapy has been of limited value because most patients do not respond to secondary manipulations after developing hormone-refractory disease (3). Significant advances have been made in gene therapy, and several clinical trials have been in progress over recent years as a result of developments in molecular and cell biology (4) (5) (6) (7) (8) (9) (10) . Thus, it is important to develop novel therapeutic approaches and to explore the use of gene therapy as an alternative treatment modality.
There is increasing evidence that angiotensin II (Ang II), a major physiologic regulator of blood pressure and cardiovascular homeostasis, has important pathophysiologic roles as a stimulator of cardiac hypertrophy, vascular cell proliferation, inflammation, and tissue remodeling (11) . These actions, mediated via the Ang II type 1 receptor (AT1R), led to the idea that Ang II may play a role in cancer, and experimental evidence indicates that angiotensinconverting enzyme inhibitors and AT1R blockers have beneficial effects on tumor progression, vascularization, and metastasis (12) (13) (14) . Further, numerous studies have shown antigrowth and antiproliferative effects of Ang II via Ang II type 2 receptor (AT2R), in opposition to actions of this peptide via the AT1R (15) (16) (17) (18) . Thus, there may be a potential beneficial role of AT2R in cancer, and this idea is supported by data that indicate that pheochromocytoma growth is inhibited by AT2R activation (19) . With regard to the prostate, there is clear evidence of a tissue-based renin-angiotensin system within this gland and studies to date indicate beneficial actions of blocking AT1R and activating AT2R (15, (20) (21) (22) (23) . For example, AT1R inhibitors decrease the growth of some prostate cancer cell lines and delay the development of prostate cancer, whereas AT2R inhibitors are present and have the ability to inhibit epidermal growth factor-induced prostate cancer cell growth in LNCaP and fast-growing androgen-independent PC3 cell lines (24) . Increased expression of AT2R induces apoptosis in numerous cell lines, such as pheochromocytoma, fibroblasts, smooth muscle cells, and endothelial cells, with either Ang II-dependent or Ang II-independent regulation (25) (26) (27) (28) (29) (30) (31) (32) . Thus, in the present study, we have determined the effects of adenoviral-induced increases in expression of AT2R on proliferation and apoptosis of prostate cancer cell lines and have addressed the potential intracellular mechanisms.
Materials and Methods
Cell Culture Three human prostate cancer cell lines (DU145, LNCaP, and PC3) and a normal prostate stromal cell line (WPMY-1) were used in these experiments. All cell lines were obtained from the American Type Culture Collection and cultured using the protocol provided by the company. Sera and media were purchased from Invitrogen and American Type Culture Collection.
Recombinant Adenoviral Constructs For these experiments, we constructed and prepared two recombinant adenoviral vectors as detailed previously (33) : an adenoviral vector containing the enhanced green fluorescent protein gene controlled by a cytomegalovirus promoter (Ad-CMV-EGFP) and an adenoviral vector containing genomic AT2R (G-AT2R) DNA with introns 1 and 2 and the encoding region and enhanced green fluorescent protein gene controlled by cytomegalovirus promoters (Ad-G-AT2R-EGFP).
Cell Treatments For viral transduction, prostate cancer cells (4 × 10 5 ) were seeded into six-well Nunc tissue culture plates. On the following day, cells were transduced with Ad-G-AT2R-EGFP or the control vector Ad-CMV-EGFP and changes in cell morphology were observed using an Olympus BX41 fluorescence microscope. Transduced cells were used 24 to 48 h later, depending on the specific protocol.
The role of Ang II in apoptosis elicited by increased expression of AT2R was determined as follows. DU145 cells were treated with either Ang II, an AT2R agonist, or Ang II receptor antagonists at 6 h after viral transduction, at which time Ad-G-AT2R-EGFP and Ad-CMV-EGFP have transduced into the cells but there has not been significant expression of AT2R or GFP. All treatments were repeated every 12 h to compensate for potential degradation. The number of apoptotic cells was assessed as described below.
For the p38 mitogen-activated protein kinase (MAPK) and caspase inhibitor studies, DU145 cells were transduced with Ad-G-AT2R-EGFP [100 infectious units (ifu)/ cell] for 6 h followed by treatment with either the p38 MAPK-specific inhibitor SB203580, the caspase-3 inhibitor Ac-DEVD-CMK, the caspase-8 inhibitor Z-IETD-FMK, the caspase-9 inhibitor Z-LEHD-FMK, or control solvent (DMSO). All inhibitors were purchased from Calbiochem. Twenty-four hours later, the number of apoptotic cells was assessed as described below.
For the small interfering RNA (siRNA) studies, DU145 cells were transfected with either p38, p53, p21, or control siRNA using siLentFect Lipid Reagent (Bio-Rad, Inc.) following the manufacturer's protocol. All siRNAs were purchased from Qiagen. These treatments were followed 24 h later by transduction with Ad-G-AT2R-EGFP (100 ifu/cell) and then, 48 h later, assessment of the number of apoptotic cells or apoptosis-related genes/proteins as described below.
AT2R Immunostaining
Cells transduced with Ad-G-AT2R-EGFP or Ad-CMV-EGFP for 48 h were washed briefly with Dulbecco's PBS and then fixed for 10 min at 4°C with cold methanol. Immunostaining was then done on the fixed cells as detailed previously (34) using a goat anti-AT2R receptor polyclonal antibody (1:200; Santa Cruz Biotechnology) followed by Alexa Fluor 594 goat anti-rabbit IgG (1:1,000; Invitrogen) as the secondary antibody. AT2R immunoreactivity (red) and green fluorescence (from GFP) were detected using an Olympus BX41 fluorescence microscope.
Cell Proliferation and Cytotoxicity Assays Cell proliferation and cytotoxicity were evaluated using a CytoScan WST-1 Cell Proliferation Assay (G-Biosciences). WST-1 reagent was added to the culture medium (1:10 dilution), and absorbance was measured at 450 nm.
Cell Cycle Analyses For cell cycle analysis, samples (1 × 10 6 cells) were fixed and permeabilized by addition of 1 mL of ice-cold 70% ethanol for 15 min on ice. After washing, the cells were resuspended in 125 μL of 1.12% (w/v) sodium citrate containing 0.2 mg/mL RNase (Roche) and incubated at 37°C for 15 min. Next, 125 μL of 1.12% (w/v) sodium citrate containing 50 μg/mL propidium iodide (Sigma-Aldrich) were added to the cells. Following treatment for 30 min at room temperature in the dark, the cells were stored at 4°C until analysis by flow cytometry (FACSCalibur, BD Biosciences). Cell cycle analysis was done using ModFit LT software (Verity).
Apoptosis Assessment
The number of green fluorescing cells that exhibit apoptotic-like morphology was assessed by counting cells from 10 random fields per well. Counts were done by an individual who was blinded as to the treatment.
Apoptosis of viral vector-transduced cells was also measured using a DeadEnd Colorimetric terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) System (Promega). At 48 h after transduction, the growth medium was aspirated, and cells were fixed with 4% formaldehyde in PBS (pH 7.4) for 25 min at room temperature, then washed twice for 5 min in PBS, permeabilized in 0.2% Triton X-100 solution in PBS for 5 min at room temperature, and finally washed twice for 5 min in PBS. DeadEnd Colorimetric TUNEL System was used according to the manufacturer's instructions. Cells were mounted in Vectashield + 4′,6-diamidino-2-phenylindole (Vector Labs) to stain nuclei. The number of TUNEL-positive cells (brown color) in each treatment condition was counted from 10 random fields per well by an individual who was blinded as to the treatment. Data are presented as a percent of the total number of cells on the dish, which was assessed from 4′,6-diamidino-2-phenylindole staining.
Caspase-3-Like Protease Activity Caspase-3-like protease activity was assessed using the BD ApoAlert caspase-3 colorimetric assay kit (BD Biosciences) as described by the manufacturer. Transduced and control cells (10 6 ) were lysed in the lysis buffer contained in the kit followed by centrifugation (15,000 × g for 10 min at 4°C). Caspase-3-like activity was assessed in supernatants by following the proteolytic cleavage of the colorimetric substrate Ac-DEVD-pNA. Samples were read at 405 nm in a spectrophotometer using a 100 μL quartz cuvette. DEVD-z-DEVD-fmk, a specific inhibitor of caspase-3, was used to confirm assay specificity.
RNA Isolation and Reverse Transcription-PCR LNCaP, DU145, and PC3 cells were cultured in their respective media and harvested for reverse transcription-PCR (RT-PCR). Total RNA was isolated from the cells using an RNeasy kit (Qiagen). Isolated RNA underwent DNase I treatment to remove genomic DNA and was then converted into cDNA with iScript cDNA synthesis kit (Bio-Rad). PCR of AT2R and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was done under the following conditions: denaturing for 30 s at 95°C, annealing for 30 s at 55°C, and extension for 30 s at 72°C, with a total of 40 cycles for AT2R and 30 cycles for GAPDH. The oligonucleotide sequences of forward and reverse primers used for AT2R were as follows: forward, 5′-CCACCCTTGCCACTACTAGCA-3′; reverse 5′-CATTGTTGCCAGAGATGTTCACA-3′. Oligonucleotide primers for GAPDH, which were also used for below realtime PCR, were obtained from Applied Biosystems, Inc. PCR products (10 μL) were loaded on 2.5% agarose gel containing ethidium bromide.
Real-time RT-PCR was used to analyze the expression of various apoptosis-related genes. Oligonucleotide primers and Taqman probes specific for p53 (tumor suppressor protein), p21 [cyclin-dependent kinase (CDK) inhibitor 1A, a cell cycle inhibitory gene protein], GADD45α (growth arrest and DNA damage-inducible protein, α), and CCND1 (cyclin D1) were obtained from Applied Biosystems. mRNA expression was analyzed via quantitative real-time RT-PCR as detailed by us previously (34) . Isolation of total RNA was done as described above. Purified RNA (25 ng) was used to do RT-PCR in an Applied Biosystems Prism 7000 Sequence Detection System, with the use of One-Step RT-PCR Master Mix Reagents. Data were normalized to GAPDH mRNA.
Western Blot Analysis Western immunoblots were run as described previously (35) . Primary antibodies and their sources were as follows. Anti-total p38 MAPK, anti-total p53, anti-phosphorylated p53 (pp53), and anti-activated caspase 3 were from Cell Signaling Technology. Anti-phosphorylated p38 (pp38) MAPK was from Millipore. Anti-p21 was from Abcam. Anti-β-actin and the secondary antibodies horseradish peroxidase-conjugated anti-rabbit IgG and anti-rabbit IgG were from Sigma-Aldrich. Anti-goat IgG was from Santa Cruz Biotechnology.
Data Analysis
For all experiments, viral transduction was done in triplicate wells and repeated at least thrice. Data are expressed as mean ± SE of three or more independent determinations. Statistical significance was evaluated with the use of a oneor two-way ANOVA as appropriate followed by a post hoc test (Bonferroni) to compare individual means. Differences were considered significant at P < 0.05.
Results

Endogenous and Adenoviral-Mediated Expression of AT2R in Prostate Cancer Cells
The presence of endogenous AT2R within human prostate cancer cell lines was first assessed using RT-PCR. Initial analyses using 35 cycles of PCR failed to reveal AT2R mRNA in untreated DU145, PC3, or LNCaP cells. However, further analyses using 40 cycles of PCR revealed AT2R transcripts in DU145 and PC3 cells, but not in LNCaP cells (Fig. 1, top) . In addition, DU145 cells infected with Ad-CMV-EGFP (100 ifu/cell, 2 days) exhibited no AT2R immunoreactivity ( Fig. 1, middle) , consistent with a previous report (36) . Collectively, these results indicate that endogenous AT2Rs are present in the cell lines tested, in particular the DU145 cells, at only low levels.
Our previous studies using real-time RT-PCR or AT2R binding assays showed that Ad-G-AT2R-EGFP elicited significant expression of AT2R within various cell lines (e.g., C2C12 mouse muscle myoblasts, NIH/3T3 fibroblasts, and CATH.a locus ceruleus tumor cells; ref. 33) and in primary cultures of neonatal rat cardiac fibroblasts (37) . Ad-G-AT2R-EGFP also proved to be effective in eliciting AT2R expression in human prostate cancer cells. The fluorescence micrographs presented in Fig. 1 (bottom) show that incubation of DU145 prostate cancer cells with Ad-G-AT2R-EGFP (100 ifu/cell) produced a high level of expression of AT2R immunoreactivity and GFP at 48 hours after viral transduction when compared with DU145 cells that had been infected with Ad-CMV-EGFP ( Fig. 1, middle) . Similar results were obtained following Ad-G-AT2R-EGFP infection of LNCaP and PC3 human prostate cancer cells and WPMY-1 normal human prostate cells (data not shown).
Effect of Increased AT2R Expression on Cell Cycle Progression and Cell Proliferation in DU145 Cells
Analysis via flow cytometry of the cell cycle distribution of DU145 cells revealed that transduction with Ad-G-AT2R-EGFP (100 ifu/cell, 24 hours) produced a significant reduction in the number of S-phase cells and an increase in G 1 -phase cells when compared with cells transduced with Ad-CMV-EGFP (100 ifu/cell, 24 hours). Neither vector produced significant changes in the level of G 2 cells present in DU145 cells nor in the numbers of G 1 , S, and G 2 cells present in normal human prostate WPMY-1 cells ( Fig. 2A and  B) . Similar transduction of DU145 cells with Ad-G-AT2R-EGFP also significantly inhibited their proliferation, an effect that was not observed in WPMY-1 cells (Fig. 2C) .
AT2R Overexpression Induces Apoptosis in Prostate Cancer Cells
Transduction of DU145 cells with Ad-G-AT2R-EGFP (100 ifu/cell) for 2 days resulted in a large number of cells that exhibited apoptotic-like morphologic characteristics when compared with Ad-CMV-EGFP-treated DU145 cells (Figs. 1, bottom, and 3A; Supplementary Fig. S1 ). For example, the AT2R-expressing DU145 cells exhibited irregular-shaped nuclei and a clear boundary between nuclei and cytoplasm when compared with the controls (Supplementary Fig. S1 ). Similar transduction of LNCaP and PC3 cells with Ad-G-AT2R-EGFP also resulted in the appearance of cells with apoptotic-like morphology, although the effect in PC3 cells was much weaker than that observed in DU145 or LNCaP cells (Fig. 3A) . Because this effect of AT2R is significant and easily recognizable in DU145 cells, our subsequent experiments were focused mostly on this tumor cell line. The apoptotic action following AT2R transduction was confirmed by the finding that incubation of DU145 cells with Ad-G-AT2R-EGFP (100 ifu/cell) for 2 days produced a significant increase in TUNEL labeling compared with the Ad-CMV-EGFP (100 ifu/cell)-treated cells (Fig. 3B  and C) . In contrast to the prostate cancer cells, WPMY-1 cells transduced with Ad-G-AT2R-EGFP (100 ifu/cell) for 2 days exhibited no significant morphologic changes compared with Ad-CMV-EGFP-transduced WPMY-1 cells (Supplementary Fig. S1 ). Consistent with these findings, transduction of Ad-G-AT2R-EGFP into DU145 cultures resulted in significant cytotoxicity, whereas no such cytotoxic action was observed in WPMY-1 cells. Specifically, DU145 cultures exhibited 22.2 ± 1.9% cell death (n = 3 experiments) following Ad-G-AT2R-EGFP transduction compared with 3.7 ± 0.8% cell death (n = 3 experiments) in Ad-CMV-EGFP-transduced cultures. In comparison, the levels of cell death in Ad-G-AT2R-EGFP-transduced and Ad-CMV-EGFP-transduced WPMY-1 cultures were 0.7 ± 0.2% and 2.3 ± 0.6%, respectively (n = 3 experiments).
Apoptosis Induced by AT2R Overexpression Is Not Dependent on Ang II Considering that Ang II has been shown to have antigrowth effects in DU145 cells (24), we tested whether the apoptosis produced by overexpression of AT2R was Ang II dependent. Apoptosis was assessed by measuring the number of green fluorescing cells that exhibit apoptotic morphology. The data presented in Fig. 3D indicate that neither Ang II (1 μmol/L) nor the AT2R partial agonist CGP42112A (1 μmol/L) affects the number of apoptotic cells present following overexpression of AT2R via Ad-G-AT2R-EGFP. Likewise, the AT2R-mediated increase in apoptosis was not significantly altered by the AT2R-or AT1R-selective antagonists PD123319 (10 μmol/L) and losartan (10 μmol/L), either alone or in combination with Ang II (P > 0.1), although there is a tendency for apoptosis to decrease in the cells treated with PD123319 or PD123319 plus Ang II (Fig. 3D) . In addition, treatment of cells with the nonselective Ang II receptor blocker saralasin (10 μmol/L) did not alter the AT2R-induced apoptosis (Fig. 3D) . None of these treatments produced significant levels of apoptosis in the Ad-CMV-EGFP-transduced DU145 cells (Fig. 3D) , suggesting that the low levels of endogenous AT2R present in DU145 are not functional in terms of apoptosis. Collectively, these data suggest that the apoptosis induced by AT2R overexpression in DU145 cells is Ang II independent and AT2R itself has constitutive activity to cause apoptosis.
AT2R-Induced Apoptosis Is Mediated by p38 MAPK and Caspase-3 via an Extrinsic Cell Death Signaling Pathway
Immunoblot analysis indicated that a ∼43-kDa protein that cross-reacts with a specific antibody against activated p38 MAPK (pp38) is present in DU145 cells (Fig. 4A) . The blot also revealed that in the Ad-G-AT2R-EGFP-transduced cells, basal levels of pp38 MAPK were elevated in a doseindependent manner when compared with Ad-CMV-EGFP-transduced or mock-transduced (control) DU145 cells. Basal levels of total p38 MAPK were not changed under these treatment conditions (Fig. 4A) . Treatment of DU145 cells with the p38 MAPK inhibitor SB203580 (10 μmol/L; 6 hours after viral transduction) decreased pp38 MAPK levels but did not alter total p38 MAPK levels in the AT2R-transduced cells (Fig. 4B, left) . This treatment also caused a significant reduction (∼68%) in the apoptosis induced by AT2R overexpression (Fig. 4B,  right) . DU145 cells treated with the control vector Ad-CMV-EGFP display only low levels of apoptosis (Fig. 3) , and treatment of Ad-CMV-EGFP-transduced cells with SB203580 as above did not alter the level of apoptosis (data not shown). In a different approach, we tested the effects of knockdown of p38, using p38 siRNA, on the AT2R-induced apoptosis. Transfection of p38 MAPK siRNA into DU145 cells reduced the levels of both p38 MAPK and pp38 MAPK (Fig. 4C, left) and caused a significant (∼77%) reduction in the AT2R-induced apoptosis (Fig. 4C, right) . These results suggest a significant functional role for p38 MAPK in the AT2R-mediated apoptotic action in DU145 cells. The activation of class II caspases is considered a hallmark of programmed cell death (38) . For example, caspase-8 is required for the initiation phase of the extrinsic cell death signaling pathway, whereas activation of caspase-9 is integral to the intrinsic cell death pathway that involves mitochondrial release of cytochrome c (39). All initiator caspase activation leads to the eventual proteolytic activation of the effector caspase-3, which cleaves large numbers of cellular proteins leading to apoptosis. Thus, we first examined the role of caspase-3 in apoptosis induced by overexpression of AT2R. Cellfree extracts prepared from Ad-G-AT2R-EGFP (100 ifu/ cell)-transduced DU145 cells displayed significantly higher (Fig. 5A) . Further, transduction of LNCaP cells with Ad-G-AT2R-EGFP (20 or 100 ifu/cell) resulted in cleavage of the ∼32-kDa caspase-3 protein to yield the active ∼17-and 19-kDa subunits as seen by Western blot analysis (Fig. 5B) . No such proteolytic processing of caspase-3 was seen in the Ad-CMV-EGFP-transduced or in the mock-transduced (control) LNCaP cells (Fig. 5B) . Lastly, treatment of DU145 cells with the caspase-3 inhibitor Ac-DEVD-CMK (20 μmol/L) significantly reduced the apoptosis elicited by transduction with 100 ifu/cell Ad-G-AT2R-EGFP (Fig. 5C) . Interestingly, similar inhibition of AT2R-induced apoptosis was obtained by treatment of the DU145 cells with the caspase-8 inhibitor Z-IETD-FMK (20 μmol/L), but the caspase-9 inhibitor Z-LEHD-FMK (20 μmol/L) was without effect (Fig. 5C ). Collectively, these data suggest the involvement of a caspase-8-mediated extrinsic signaling pathway followed by downstream activation of caspase-3 in the apoptosis elicited by overexpression of AT2R in prostate cancer cells.
AT2R Overexpression-Induced Changes in Gene Expression in DU145 Cells
Considering the significant apoptotic action produced by overexpression of AT2R in prostate cancer cell lines, we next explored the effects of increased expression of AT2R on genes related to apoptosis and the cell cycle. As shown in Fig. 6A , in DU145 cells transduced with Ad-G-AT2R-EGFP (100 ifu/cell), there was no significant change in the levels of mRNA of p53 (a tumor suppressor protein), but the level of activated p53 (pp53) was enhanced when compared with levels in Ad-CMV-EGFP-transduced or mock-transduced (control) cells (Fig. 6B) . AT2R overexpression in DU145 cells also produced the following changes in gene and/or protein expression. The expression of mRNA for p21, the most prominent p53-regulatory gene, was markedly increased in cells transduced with Ad-G-AT2R-EGFP in a dose-dependent manner (Fig. 6A) . A similar effect on p21 protein was also observed in Ad-G-AT2R-EGFP-treated cells (Fig. 6B) . The mRNA for GAD-D45α, a p53-dependent gene, was also dramatically induced (Fig. 6A) , whereas expression of mRNA for CCND1, a key cell cycle regulator of the G 1 -to S-phase transition, was significantly decreased (Fig. 6A) . To explore the respective roles of p53 and p21 in the AT2R-induced increase in apoptosis, we tested the effects of p53 siRNA and p21 siRNA on the apoptosis produced by transduction of DU145 cells with Ad-G-AT2R-EGFP. Transfection of p53 and p21 siR-NA into DU145 cells produced respective decreases in p53 and p21 expression (Fig. 6C) . Treatment of DU145 cells with the p53 siRNA significantly blocked the AT2R-induced apoptosis by ∼39% (Fig. 6D) . However, knockdown of p21 expression had no significant effect on the level of apoptosis elicited by AT2R overexpression (Fig. 6D) . It is also noteworthy that in PC3 cells, which are devoid of p53, the level of AT2R-induced apoptosis was weak when compared with the effects in DU145 or LNCaP cells ( Fig. 3C ; Supplementary Fig. S1 ). Collectively, these data indicate that the apoptosis induced by AT2R overexpression is at least partially dependent on p53 Ser 15 phosphorylation, but not on p21.
Discussion
In this study, we first showed that certain prostate cancer cell lines (DU145 and PC3) exhibit only low levels of endogenous AT2R and that, in LNCaP prostate cancer cells, levels of this angiotensin receptor subtype were below detection. Further, activation of these endogenous AT2Rs in control DU145 cells by Ang II or an AT2R-selective agonist failed to induce apoptosis. In contrast, Ad-G-AT2R-EGFP-induced overexpression of AT2R in all three prostate cancer cell lines produced apoptosis. This apoptotic effect was dramatic in the p53-expressing DU145 cells and LNCaP cells but was much weaker in PC3 cells that do not express p53. Interestingly, the apoptotic effect of increased AT2R expression did not require Ang II. The data presented here indicate that AT2R overexpression in DU145 cells induced inhibition of proliferation, a significant reduction of S-phase cells, and an enrichment of G 1 -phase cells. Furthermore, the data also indicate that overexpression of AT2R led to apoptosis via an extrinsic cell death signaling pathway that is dependent on activation of p38 MAPK, caspase-8, and caspase-3. Finally, the apoptosis induced by AT2R overexpression is partially dependent on the activation of p53, but not on p21. This latter finding may partially explain the weak effects of AT2R overexpression on apoptosis in PC3 cells. Collectively, the observations presented here indicate the ability of increased AT2R expression to induce apoptosis in prostate cancer cell lines in vitro.
Although the studies presented here show an effective and potent action of AT2R to elicit apoptosis of prostate cancer cells in vitro, there are many issues raised and questions that remain to be answered. For example, an extrapolation of this study is that AT2R may be a promising novel target for prostate cancer gene therapy. There are several unique features of prostate cancer that make it particularly amenable to gene therapy approaches, including the availability of several prostate-specific promoters, which would allow tissue-specific expression of therapeutic gene products, and the relatively easy access to the prostate by transurethral, transperineal, and transrectal approaches (40) . Thus, identification of a target such as AT2R that has powerful apoptotic actions in prostate tumor cells but not in normal prostate tissue may be an excellent candidate for prostate cancer gene therapy. However, before that step could occur, it will be imperative to test the efficacy of AT2R gene transduction in animal models. Thus, certain of our future studies will be aimed at examining the ability of Ad-G-AT2R-EGFP to suppress prostate tumor growth in vivo. Along these lines, we are currently planning to test the effectiveness of this viral construct in eliciting apoptosis in nude mice DU145 xenografts. If effective, a further step would be to construct new AT2R adenoviral vectors containing prostate-specific promoters, such as the long prostate-specific antigen and osteocalcin promoters (10, 41) . This may allow us to target metastatic prostate tumor cells, which is one major challenge and unresolved problem in prostate cancer gene therapy.
A further issue that warrants discussion is the mechanism of action of AT2R in promoting apoptosis of prostate cancer cells. Other studies have indicated that AT2R-mediated apoptosis seems to involve different mechanisms depending on the cell type. For example, in several cell culture models, it has been shown that Ang II is capable of inhibiting growth and inducing apoptosis via endogenous AT2R (17, 32) . This antigrowth action is mediated by downregulation of p42/p44 MAPK, and apoptosis is considered to be an extreme result of inhibition of antigrowth signaling. However, it is also apparent that in certain cell types, activation of AT2R by Ang II is not required to elicit apoptosis, as apoptotic cell death induced by AT2R overexpression in R3T3 fibroblasts, Chinese hamster ovary epithelial cells, and A7r5 vascular smooth muscles cells could only be blocked by mutation of the receptor or pharmacologic inhibition of signaling intermediates (i.e., p38 MAPK inhibition and caspase-3 inhibition; ref. 29) . Consistent with this study, our experiments indicate that AT2R overexpression-induced apoptosis is ligand (Ang II) independent, is mediated by p38 MAPK and caspase-3, and, in addition, occurs via an extrinsic cell death signaling pathway. One interesting question that remains is whether agents that can increase the expression of endogenous AT2R in prostate cancer cells have the ability to induce apoptosis. Figure 6 . Role of apoptosis-associated genes in AT2R-induced apoptosis in DU145 cells. A, DU145 cells were transduced with either Ad-G-AT2R-EGFP (AT2R) or Ad-CMV-EGFP (GFP) for 2 d at the indicated doses (p53 and p21 panels) or at 100 ifu/cell (GADD45α and CCND1 panels). Other groups of cells were mock transduced. These treatments were followed by isolation of mRNA and then real-time RT-PCR analysis of either p53, p21, GADD45α, or CCND1 using specific oligonucleotide primers and Taqman probes. All data were normalized against levels of GAPDH mRNA expression within the same sample. Columns, mean from three separate experiments; bars, SE. **, P < 0.01; *, P < 0.05 versus Ad-CMV-EGFP-transduced or mock-transduced The data presented here also indicate that p53 is involved in the AT2R-mediated apoptosis of DU145 cells. This tumor suppressor gene plays an important role during the induction of apoptosis. Androgen-independent DU145 cells have a mutated p53 gene, and the expression of androgen receptors is inhibited by promoter methylation (42, 43) . It was observed that the mutant p53 can be phosphorylated on various sites in vitro and in human tumors in vivo. Ser 15 or Ser 315 phosphorylation tends to restore wild-type function in the mutated proteins. It is possible that phosphorylation of serine residues in addition to residue 15 can lead to an increase of p53 stability, DNA binding, and gain of function and contribute to apoptosis (44) . In the present study, we have shown that AT2R overexpression increases the phosphorylation of p53 at Ser 15 in DU145 cells and also increases the expression of the p53-dependent genes p21 and GAD-D45α. p21 binds to and inhibits the activity of cyclin-CDK2 or cyclin-CDK4 complexes and thus functions as a regulator of cell cycle progression at G 1 . Our experiments indicate that apoptosis induced by AT2R overexpression is partially dependent on p53 Ser 15 phosphorylation in DU145 cells, but increased expression of p21 does not seem to contribute directly to the apoptosis (Fig. 6) .
In summary, we have made the novel observation that overexpression of AT2R in prostate cancer cell lines results in a powerful apoptotic action. The therapeutic value of this observation remains to be assessed, but the fact that similar overexpression of AT2R in normal prostate cells does not elicit apoptotic cell death suggests that the strategy of targeting this angiotensin receptor subtype in prostate cancer may be promising.
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